Abstract-In this paper, a more fundamental approach is used in defining optical crosstalk. This is achieved by analyzing the contributions of the non-interacting terms in the probability distribution of detection. Ideally, the detector registers the photons from the source field if and only if an interaction between the source field and the detector occurs. However, there are terms in the probability distribution that suggests that detection occur even when the detector atoms do not interact with the source photons. This is interpreted as the sources of optical crosstalk and it can be argued that these sources of optical crosstalk are due to (a) the secondary photon emission occurring in the bulk of the material which can either be coming directly from the incident photons or from the thermal excitations of the detector atoms; and (b) the interaction of the detector with the vacuum field.
I. INTRODUCTION
In detection theory, as the sensors receive photon energy (or thermal energy), the incoming photon (or a thermally generated electron-hole pair) can induce secondary emissions during the avalanche breakdown. This secondary emissions in turn causes secondary emissions in the proximity, which then triggers further secondary emissions -thus collectrively introducing noise to the system [1] , [2] . The stochastic process that follows is known as optical crosstalk. Because crosstalk introduces unwanted signals in the proximity of the detectors, the system falls into any one or a combination of the following states: a) detection is triggered before actual incoming photon is present (dark count), b) measures higher amplitude in photon detection (after-pulses) [3] , or c) in the case of photodetectors, performing sensitive measurements, the presence of such noises can greatly affect the measured output [4] .
In practice, the contributions of optical crosstalk to the signal processed by detectors are very hard to ignore and are quite difficult to eliminate. For sources and sensors that lie in the same plane, approaches such as increasing the distance between sensors and detectors as well as placing an optical barrier that eliminates signal from crossing directly into the sensor are employed (see Fig. 1 ). Numerous configurations have been made by different manufacturers of optical sensors to lower the effects of crosstalk including variations on the geometry of the apertures, applying special ink filters, and optimizing the air gap and glass thickness among other things. While numerous researches on mitigating optical crosstalk were performed on systems that involve an array of Manuscript received November 15, 2015; revised January 12, 2016. This work was supported in part by ams AG.
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More importantly, crosstalk is treated from a stochastic point of view where the probabilities of firing of the neighboring detector elements because of a valid detection on one detector element is being modeled using Poisson distribution [5] , [6] . A more physical treatment of crosstalk considers the geometrical arrangement of the detector elements involved in order to come up with results signifying local saturation effects and compare the statistical results with experimental data [7] . Instead of taking the statistical route made in various papers, this paper seeks a more fundamental approach to solving the crosstalk problem by developing an analytical model of crosstalk from a quantum mechanical point of view. 
II. PRELIMINARIES
Crosstalk is phenomenon associated with detection so it is just natural to start with how photons are detected in detectors. Let us consider a collection of many-level atoms localized into point-like photodetector found in the origin and is in ground state | ⟩ with the dipole operator of the detector denoted by . Let the source dipoles located at some position be described by the dipole operator . Then the interaction Hamiltonian of the detector field and of the source field are given by
Here, we would want to understand how these Hamiltonians evolve over time which will then lead to their interaction. The probability distribution of the detection of photon is proportional to the probability of finding a set of n atoms in an excited state,| ⟩ , that is
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Here, the projection operator ̂ is given by
Also, the time evolution operator ( ) is given by
With being the time ordering given by (and by choosing +1 for bosonic operator for the photons being considered)
In this case, is the Heaviside step function.
The state vector at is considered to be a product of the ground state of the detector atoms, the field vacuum, and some state of the sources,| ⟩, that is
Ideally, a photon is detected only when there is an interaction between the photon coming directly from the source and the active area or region of the detector. This means that (4) allows excitation of multiple atoms. At this point, it is very difficult to model this system and so we first consider the probability of detection of a photon by one detector atom -that is, we are looking at the lowest order of coupling of the detector and the source photons. From (4), and if we disregard the vacuum interaction, we see that we are looking for
( ) is similar to the detector response function defined in [8] where in this case, we have On the other hand, is the Green"s function for many body systems and is given by
The single time counting probability of the one single detector atom interacting with the field, which is achieved by placing a "shutter" in front of a detector which is open only for a short time interval is given by
Ideally, the detector registers the photons from the source field if and only if an interaction between the source field and the detector occurs, that is for cases whenever
In such a case, and if we let Hence, the probability on exciting atoms in a short time interval is then given by where ( ) takes account the detection of photons from every sources possible (which in this case is valid of the first order perturbation) is given by
As we see, (14) follows the following conditions
{ ( )

With the limits of the integral given by
It is easy to see that (14) means that the probability of detecting a photon coming from the source is equal to the sum of the quantum probabilities that the photons interact with (by exciting the atoms of) the detector field. Because of this, probabilities of detection of photons that do not come directly from the source field is neglected. That is, the photon seen in the first term of (14) as well as the photons from the radiation fields must be neglected as should be the case in an ideal point-like detector, that is
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In (12), there is an assumption of one-to-one correspondence. That is, each photon coming from the source interacts solely with exactly one atom in the detector which prompts the need to neglect (15). Similarly, we neglect the photons coming from the radiation field by demanding (16) to be zero. The presence of crosstalk in optical sensors and detectors demands that (15) and (16) are no longer zero.
IV. OPTICAL CROSSTALK
The model considered in this case is a point-like detector interacting with the radiation field coming from the point-like source. As can easily be verified in (15) and (16), noises coming from the interaction of the detector with itself as well as noises coming from the interaction of the detector with the vacuum field is present and is an artifact of the perturbative approach in solving the photon detection problem. Hence, we can infer that for the first order perturbation theory, three cases of optical crosstalk can easily be obtained and are outlined in the following:
A. Secondary Emissions of Photons
Since our detector is point-like, the interaction of the detector dipole with itself which appears in one of the terms of (15) can only mean that a secondary photon has been emitted which was then detected by the detector. This means that (14) will now factor in to (11) and the probability density is changed into With the condition that Equation (18) can be interpreted as the total probability density of detection of photons coming from the detector itself regardless of whether there is an incoming radiation field or not. As we can easily verify, and since we restricted (15) from happening, our detector can still be able to detect photons coming from the detector material itself even when the rest of the terms in (18) is zero. This signal is what we know as the dark count and could arise from the thermal excitations within the detector material, generation of photons due to the presence of significantly strong electromagnetic field in the proximity of the device, and so on.
B. Interaction with the Vacuum Field and the Radiation Field
Since our detector is point-like, the interaction of the detector dipole with itself can only mean that a secondary photon has been emitted and has been detected by the detector. This means that 14 will now factor in to (11) and the probability density is changed into where the detectors interaction with the vacuum field and that of the radiation field is given by 
C. Macroscopic Interpretation
The results obtained in (18) and (19) are idealizations where we assumed that the detector being considered is point-like. In reality, detectors occupy a volume V. To bring our results in context, we consider the following. During an infinitesimal time interval ∆t let a detector of volume obey the following assumptions: 1) The probability of a single photon detection in that volume is given by (23) With I(t) the instantaneous intensity of the incident radiation and η is the quantum efficiency of the detector. Here, η is given by whereby Is the number of the absorbed photon in the depletion layer and Is the number of electrons produced, respectively. Here, and are the incident optical power (radiant flux) and the optical power absorbed in the depletion layer (both in Watts).
2) The mean number of photons hitting the active area of the detector is assumed to be uniformly distributed in space is given by where is the optical path of the incident photon before hitting the detector and where the number density is defined as Similarly, the mean number of electrons generated from
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these interactions are assumed to be uniformly distributed and is given by where is the optical path of the photons interacting with the detector before fully attenuated and where the number density is defined as 3) As the incident radiation goes through the volume of the detector, the incident radiation is attenuated. Then, the relationship between the probability of a single photon detection in the given volume and the probability distribution of detection is given by
Direct comparison between (23) and (28) shows that the probability distribution of detection for a radiant flux incident to the detector in a solid angle is related to the quantum efficiency and the intensity of the radiant flux directed at the detector.
Furthermore, if there is no distinction between the time of detection and the generation of electron from the interaction of the photon with the detector, , if we consider a longer interval of the arrival of photons and their detection in such a way that the fluctuations in the number of the arriving photons and absorbed photons within this interval is negligible, and if we consider a small enough optical path for both the incoming photons and the attenuated photons, then it is easy to show that the probability distribution of detection is also dependent on the index of refraction of the detector.
The form taken by the probability distribution of detection in (30) is very interesting. Recall that our problem was to identify the nature of crosstalk and as we have seen in (18) and (30), the probability distribution of detection of crosstalk signals are embedded in the probability of detection of any photon signals. In (30), we see that the quantum mechanical process has a direct relationship with the macroscopic processes involved in the detection of photons. This means that if we can find a way to manipulate or modulate these probabilities in the quantum processes, then we can find ways to completely remove the effect of crosstalk in our detectors. This is particularly promising with the advent of metamaterials and materials where the index of refraction can be changed according to the way we desire. This, however, is not part of this paper and will be considered in the succeeding papers.
From (30), we can infer that the probability of single photon detection in terms of the index of refraction of the material is given by Here, (31) assumes that the detector material is linear, homogeneous and isotropic and that the intensity of the radiant flux also varies with the optical length. We also can see that (31) can be modified accordingly to check the probability of detecting a single photon even if the detector material is anisotropic, inhomogeneous, and nonlinear, which also is beyond the scope of this paper.
V. CONCLUSION
This paper has two interesting results: First is that it was able to provide a more fundamental relationship involved in the generation of crosstalk by looking at the quantum processes involved in detecting photons. By looking at the time evolution equation and the interactions of the radiation field with the detector, this paper was able to show that optical crosstalk is an artifact of the physical process that takes place, which is as expected. As we have seen, the crosstalk terms are artifacts of the probability distribution of detection and they naturally arise due to the physics behind quantum interactions. In the case of this paper, we have shown that two of the most probable source of crosstalk are (a) the interaction of the detector with the vacuum field and (b) the secondary photon emissions. It is easy to verify that the higher order terms will provide more understanding of other sources of optical crosstalk (like thermal excitations, solitons, etc); Second, this paper is able to make a connection between the quantum process involved in the probability of detecting a photon with the macroscopic process of detection by being able to link the probability distribution of detection to the index of refraction as well as with the intensity of the radiant flux. This is an interesting result since it opens the possibility of developing meta-materials that would purposely remove the introduction of crosstalk in the system, thus eliminating the issue. 
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